Introduction
Spermatozoa acquire fertilizing capacity in the female tract in a process known as capacitation. As part of capacitation, sperm change their motility pattern (i.e., hyperactivation) and acquire the ability to undergo a physiologically induced acrosome reaction. At the molecular level, capacitation is associated with a fast increase in cAMP synthesis followed by activation of the cAMP-dependent kinase (PKA). In addition, capacitation induces changes in the concentration of intracellular calcium ([Ca 2+ ] i ). Pharmacological and genetic lossof-function experiments have shown that both cAMP and Ca 2+ -dependent pathways are involved in capacitation (for review see [1] ). In particular, it has been shown that cAMP increases the frequency of flagellar beating and that Ca 2+ is required for the increased asymmetry of flagellar movement associated with hyperactivation (reviewed in [2, 3] ). On the other hand, Ca 2+ gain-of-function experiments showed that addition of Ca 2+ ionophore A23187 produced a fast increase in [Ca 2+ ] i accompanied by complete loss of sperm motility [4, 5] . However, after washing out the Ca 2+ ionophore, sperm gained hyperactive motility and fertilizing capacity even when PKA was inhibited. These experiments suggested that a transient exposure to A23187 could be used to overcome defects in capacitation-associated signaling. Indeed, we recently showed that the short A23187 incubation approach induced hyperactivation and fertilization capacity in vitro of spermatozoa from sterile mice models, such as those lacking the sperm-specific Ca 2+ channel complex CatSper (CatSper1 −/− ), the sperm-specific K + channel SLO3 (Slo3 −/− ), and the atypical soluble adenylyl cyclase Adcy10 (Adcy10 −/− ) [6] .
Altogether, these data suggest that the effect of intracellular Ca 2+ concentration ([Ca 2+ ] i ) on sperm motility is biphasic. On the one hand, an increase in [Ca 2+ ] i is required for hyperactivation; however, when it becomes too high after exposure to A23187, sperm stop moving. At present, it is not known why flagellar movement is inhibited in these conditions; however, the aforementioned experiments clearly showed that this A23187 effect is reversible, suggesting that upon washing the A23187 ionophore, [Ca 2+ ] i is reduced to a threshold concentration that removes the block. Sperm flagellar regulation depends on the coordinated interplay of external and internal parameters and the molecular events occurring in the flagellum. Among them, [Ca 2+ ] i plays a central role. Given the large number of linear and nonlinear variables that arise from Ca 2+ interactions, theoretical models are needed to gain a better insight into the essential features of the system (reviewed by [2, 7] ). In addition to the usefulness of models as descriptive tools, they provide predictive frameworks for hypothesis generation and the possibility of addressing questions that are experimentally unanswerable at present due to technical limitations. A model for hyperactivation in mammalian spermatozoa was developed considering some detailed signaling processes pertaining to flagellar beating and its ensuing hydrodynamic implications [8] . However, signaling, detailed [Ca 2+ ] i changes and motor responses have not been integrated yet.
In this work, we examined if there are different thresholds for motility inhibition and activation by determining sperm motility under different A23187 treatments, alongside simultaneously measur- 
Materials and methods

Sperm preparation
A23187 incubation and washing protocol
For A23187 incubation, Fluo-4 loaded noncapacitated sperm were attached to laminin-treated coverslips at low concentrations (density) to allow appropriate semiautomated detection. In these experiments, sperm were incubated with 10 μM A23187 during 10 min until immobilized. For control experiments, 10 μM A23187 was maintained without washing. The A23187 washing protocol consisted of completely removing the solution and refilling the recording chamber with A23187-free TYH BSA supplemented media three times before starting the recordings. Randomly selected single spermatozoon were recorded for 2-7 min until finding one which started moving.
Sperm motility analysis using CASA
Mice cauda sperm were collected from CD-1 males described above. Both cauda epididymis were placed in 1 ml of TYH media. After 10 min, incubation at 37
• C (swim-out), epididymal tissue debris were removed, and the suspension adjusted to a final concentration of 1-2 × 10 7 cells/ml and divided into five aliquots with 15 mM HCO
and 15 mg/ml BSA. Four aliquots were supplemented with 0.5, 1, 5, and 10 μM A23187 and to the final aliquot an equivalent final concentration of DMSO (as a control) and further incubated at 37
• C. Afterwards, sperm cell hyperactivation and motility percentage were measured at time points 1, 2, 3, 10, and 60 min by CASA system (Hamilton Thorne Research, Beverly, MA). The default settings include the following: frames acquired: 90; frame rate: 60 Hz; minimum cell size: 4 pixels; static head size: 0.13-2.43; static head intensity: 0.10-1.52; static head elongation: 5-100. Sperm with hyper activated motility, defined as motility with high amplitude thrashing patterns and short distance of travel, were sorted using the criteria established by Goodson et al. [9] . The data were analyzed using the CASA nova software [9] . At least 20 microscopy fields corresponding to a minimum of 200 sperm were analyzed in each experiment.
Semiautomatized detection program implementation
Fluorescence TIFF image stacks were processed using an FFT (Fast Fourier Transform) spatial bandpass filter embedded in the ImageJ software (https://imagej.nih.gov/ij/). The criterion to define the parameters of the filter depends on the experimental setup. In our case, the goal was to enhance the structures between 3 and 40 pixels of width, where the lower limit corresponds to the flagellar width and the upper limit to the head size. After the filter, a threshold binarization splits the image into information corresponding to the cell and the background. A homemade algorithm written in java with the Netbeans IDE software 8.1 (https://netbeans.org/index.html) was implemented to split the cell into two main regions, the flagellum midpiece and the head ( Figure 5 , center panel). The implemented algorithm was able to simultaneously measure fluorescence, area of the midpiece, and angle changes between head (independently) and midpiece. The "center of mass" of the head was estimated through the coordinates obtained from the segmentation information (blue area). This point is shown as P1 in Figure 5E and F. Assuming a constant density, the center of mass was estimated as:
where the set{r i } m i = 1 corresponds to the coordinates of the pixels that integrate the area of the head. Figure 5E shows, at the beginning and the end of the midpiece, points P2 and P3, respectively. These points were found through the connected components algorithm. As shown in Figure 5E , right panel, the P1 and P2 points define a vector that goes from the center of the head to the beginning of the middle piece; P1 and P3 define a vector that begins in the center of the head and finishes at the end of the midpiece. The angle between these two vectors was calculated as angle = arcsin( |AxB| |A||B| ), and is an estimate of the curvature of the midpiece. We refer to this angle as γ since it is equivalent, but not the same, to the α angle measured by [10] . To more clearly detect when and how the flagellum is beating over time, the instantaneous variance (S 2 ) of the angle γ , defined as its variance estimated within a small temporal window, as compared to the total length of the original time series. Its mathematical definition is as follows:
where θ is the original variable that measures the curvature of the flagellum, t is the temporal window size over the summation, θ (mean, t) is the average in the interval (t, t + t), and σ (t) is the instantaneous variance as a function of the time, which takes values in the interval 1 ≤ t ≤ N-t, where N is the total length of the time series. In the context of this work, t = 50, N∼5000. Small transitions from immotility to dynamic activity of the flagellum, or vice versa. This representation of flagellar movement was chosen instead of the angle because it eliminates a significant amount of noise that comes from the segmentation process. Figure 5F shows an example of these two variables.
Statistical analysis
Results were statistically analyzed using a Student t-test employing Origin software 6.0.
Results
We have previously shown that spermatozoa become immotile after incubation with Ca 2+ ionophore A23187 for 10 min; however, when the ionophore is washed out by centrifugation, motility recovers and sperm undergo hyperactivation. These data suggest that there is a direct relationship between [Ca 2+ ] i and sperm motility. To evaluate this possibility, we added 10 μM A23187 to Fluo-4-loaded mice spermatozoa and simultaneously recorded [Ca 2+ ] i changes and flagellar beating in sperm attached to laminin. These sperm are bound to the slide by their head; in spite of this, their flagella are freely moving and can be observed via time lapse recording. Figure 1A , upper panel, and Supplemental Movie 1 show that A23187 addition promotes a rapid and sustained [Ca 2+ ] i increase in all sperm in the field, as indicated in the example shown in the right panel trace. These images also revealed that after 10 min most sperm become completely immotile as previously reported. However, at shorter time points (5-20 s) after A23187 application, this ionophore transiently induces vigorous motility. This phenomena can be clearly observed in Figure 1B that illustrates two sperm from Figure 1A (see white rectangle at the image corresponding to 100 s in Figure 1A and Supplemental Movie 2) viewed at higher magnification. Blue and yellow arrows in these images indicate the positions of sperm tails which show considerable changes in flagellar movement observed shortly after A23187 addition and the image sequence shows that these changes in flagellar beating were accompanied by fluorescence increases in the indicated sperm. These images were obtained at relatively low time resolution (0.45 FPS) which makes it difficult to observe the beating of the sperm flagella. Therefore, to observe flagellar beating, the same experiments were conducted at a greater time resolution (8) (9) (10) . While conducting these experiments, we observed that, before becoming immobilized, most spermatozoa showed a temporary increase in the sperm flagellar beating shortly after addition of A23187; this phenomena can be clearly observed in Supplemental Movie 3 and Figure 1C (Figure 3 and Supplemental Figure S1 ). Consistent with our observations with laminin-attached sperm, all A23187 concentrations initially increased the overall percentage of progressive (Supplemental Figure S1 ) and hyperactive sperm ( Figure 3B -E) when compared with controls obtained using standard capacitation media ( Figure 3A) . However, while the lowest concentration tested (0.5 μM) maintained and increased the percentage of hyperactive cells even after 60 min of incubation, higher A23187 concentrations stopped sperm movement and consequently hyperactivation in less than 10 min (Figure 3 and Supplemental Figure S1 ). . Notably, each spermatozoon showed different kinetics of fluorescence decrease and motility recovery (see the accumulative summary in Figure 4B" ). These results are consistent with previous evidence from our group indicating that when high A23187 concentrations are washed-out, sperm motility recovers and cells undergo hyperactivation [5] . To enhance our ability to simultaneously detect [Ca 2+ ] i and motility, it is necessary to evaluate Fluo-4 fluorescence and movement of single sperm at a higher time resolution (e.g., 40 FPS), which required decreasing fluorescence light exposure to avoid cell damage.
For these experiments, Fluo-4 loaded sperm were attached to laminin and exposed for 10 min to A23187 (10 μM). After this period, the treatment was either continued ( Figure 5A ) or ionophore was removed ( Figure 5B ), and changes in fluorescence and movement of single spermatozoa monitored for periods ranging from 1 to 3 min depending on the dynamic recovery of each cell. Examples of single A23187-treated spermatozoa under these conditions are illustrated in this figure. To determine [Ca 2+ ] i levels of single sperm at the moment when they recover motility, a semi-automatized image analysis protocol was designed and implemented for the data presented in Figure 5A and B, as described in Methods. Fluorescence image temporal stacks ( Figure 5C , left panel) were filtered using a spatial bandpass filter and a binary threshold was applied. Once processed, we applied the sequence of algorithms described in the Methods section to segment the sperm midpiece and head regions ( Figure 5C , right panel). Using this strategy, we measured fluorescence changes corresponding to [Ca 2+ ] i variations in the sperm head as a function of time ( Figure 5D and D'). The head was chosen as it remained in the focal imaging plane at all times. An example of the automated determination of [Ca 2+ ] i changes is plotted in Figure 5D ".
Complementary to fluorescence which is measured in a given image area, to estimate flagellar beating, it is necessary to follow changes in the position of the flagellum as a function of time. For this purpose, we defined three detection points, as follows: one in the center of the head ( Figure 5E, P1) , the second point in the midpiece immediately below the junction with the head (Figure 5E, P2) , and the last point in the final section of the midpiece (Figure 5E, P3) . To formulate a quantitative parameter, we define two vectors, one from P1 to P2 (A in Figure 5E ) and the other one from P1 to P3 (B in Figure 5E ). The angle γ between these two vectors is a measure of the curvature of the midpiece ( Figure 5E and material and methods for detailed information). The angular variation of midpiece curvature as a function of time was automatically detected in the spermatozoon shown in Figure 5F and plotted in Figure 5F '. When the spermatozoon is not moving, the angle remains almost constant (except for noise inherent to the measurement); on the other hand, once movement begins the curvature angle varies continuously. A convenient way to represent the alterations in γ angle over time (S 2 ) is by measuring and representing its variance over a rolling window of 50 time points. This parameter improves the signal-to-noise ratio in determining the angular variation of curvature over time and identification of the time at which motility is rescued (see Figure 5F "). Considering that angle evaluations are based on the continuous detection of points P1, P2, and P3, and taking into account that the image analysis procedure is semiautomated, the algorithm was programmed to discard data from spermatozoa whose flagella exit the focal plane during the course of the experiment. Out-of-focus events were detected using a pixel map of the sperm surface (Supplemental Figure S2A ) and measuring the number of pixels in each segmented region over time. An example of a sperm midpiece exiting the focal plane during recording is shown in panels corresponding to 28 and 43 s (Supplemental Figure S2B) . The algorithm recognizes that the analyzed region remained in focus when the pixel area value remains constant; when this variable drops to zero, the program considers that the corresponding region is completely out of focus (Supplemental Figure S2C ). Cells identified as being out of focus were eliminated from the analyses. We evaluated the [Ca 2+ ] i and the variance of flagellar midpiece curvature in spermatozoa obtained from several mice (n = 10). The results obtained from spermatozoa exposed to 10 μM A23187 without washing are illustrated in Figure 6A , while those recorded from spermatozoa incubated with 10 μM A23187 and thereafter washed are shown in Figure 6B . Upper panels in Figure 6A and spermatozoa recover their flagellar beat after A23187 washing, we quantified and compared the results obtained under two types of experimental protocols: in the first, spermatozoa were exposed to A23187 which was maintained for the extent of the recording, preventing motility; in the second, spermatozoa were incubated with A23187, but the ionophore was washed away before starting the experiment. Figure 7A determinations presented in Figure 7A . The results are shown on the right panel of Figure 7B , which indicates that more negative slopes are observed in cells after A23187 washing. Figure 7C . For further examination, we determined a fluorescence value for each spermatozoon, classifying if they had recovered or not their flagellum motility. The blue arrows in Figure 7C indicate the time at which [Ca 2+ ] i and S 2 were measured and plotted in D.
In washed spermatozoa that failed to recover motility, the time considered was at the end of the recording, as a measurement of photobleaching, whereas for the case of spermatozoa that recovered their motility after being treated with A23187, then washed, we recorded the relative decrease in Ca 2+ level when S 2 changed. In Figure 7D (left panel), we calculated the value obtained from subtracting the initial fluorescence value observed at the beginning of the recording (IF) minus the value of fluorescence observed when the S 2 change was detected (when S 2 increases above 3 standard deviations) for the recovery condition, and at the end of the experiment for the nonrecovery condition. The bars in Figure 7D , left panel, show that larger differences are observed in sperm that recover flagellar beating after washing out of A23187. The difference between conditions is statistically significant with a P = 0.016. Finally, Figure 7D, 
Discussion
Ca 2+ is one of the key signaling molecules in sperm function. This ion is essential for the spermatozoa to undergo hyperactivation and acrosomal exocytosis. Though the regulation of flagellar beating is indeed fundamental for reaching the egg and accomplishing fertilization, we are far from fully understanding molecularly how Ca 2+ is involved.
In the mammalian sperm flagellum, Ca 2+ influx is controlled mainly by CatSper [11] , a sperm-specific Ca 2+ channel formed by multiple subunits [12] [13] [14] [15] [16] . Recently, CatSper was shown to localize to a newly described structure composed of four longitudinal domains present in the flagellar principal piece [17] . In addition to CatSper, these unique longitudinal structures are also sites for association of other Ca 2+ -dependent signaling proteins, calmodulin kinase II (CaMKII), and PPP3CC (aka PP2B-Aγ and calcineurin). Altogether, these proteins appear to form signal transduction complexes mediating Ca 2+ effects on sperm motility [17] . However, how Ca 2+ regulates each of these proteins and the axoneme is not known. ] i to levels compatible with motility and hyperactivation [6] .
In the present work, we tested some of the implications of this model by visualizing flagellar beating and [Ca 2+ ] i simultaneously in spermatozoa attached to laminin. First, we showed that the effect of A23187 was time and concentration dependent. At all concentrations, addition of A23187 first induced an increase in flagellar beating at 1 min. However, complete loss of motility was observed when ionophore concentrations greater than 1 μM were employed; spermatozoa incubated with 0.5 μM A23187 remained motile. CASAnova analysis of sperm in suspension treated with increasing A23187 concentrations rendered similar results. Initially, all A23187 concentrations induced an increase in the percentage of hyperactive sperm. However, only the 0.5 μM A23187 was able to maintain motility for 1 h and achieve hyperactivation levels comparable with those of capacitated sperm incubated without ionophore. This method was used to analyze sperm treated with 10 μM A23187 for 10 min and washed with media without A23187. Initial experiments indicated that the majority of the A23187-treated sperm recover their motility within 10 min. As these studies were done at a slow frame rate, a faster acquisition rate (10 FPS) was used to detect the exact moment when the sperm flagellum starts to beat, and subsequently correlate this event with [Ca 2+ ] i changes.
Using this higher frame rate, we followed individual sperm for almost 3 min. Every sperm that recovered its motility within this time period showed a decrease in Fluo-4 fluorescence. Given that it is complicated to follow individual sperm in motion, we implemented a sensitive semiautomated methodology that segments the sperm head and midpiece, simultaneously measures Fluo-4 fluorescence intensity, and quantifies flagellar midpiece curvature. The algorithm automatically determines three points in the sperm considering the head and midpiece centers of mass, defines two vectors (see Figure 5E and Methods) and measures the angle between them over time. The presence or absence of curvature angle changes correlate to the presence or absence of flagellar beating. We measured the variance of a 50 time point window of this angle as a function of time (S 2 ) to detect when sperm start moving. Once movement was detected, the level of Fluo-4 fluorescence intensity relative to the initial fluorescence value, corresponding to the moment or flagellar beating transition, was determined. [20, 21] . In these experiments increasing Ca 2+ levels, within a physiologically relevant range, resulted in more asymmetric flagellar beating. In addition, high Ca 2+ concentrations inhibited flagellar movement [22, 23] . Though not fully established, evidence is consistent with the hypothesis that Ca 2+ differentially affects distinct dynein arms of the axoneme to influence beat cycle parameters [3, 24, 25] . In nonmammalian sperm axonemes, Ca 2+ -sensitive elements have been found in the outer arms [26, 27, 28] in the drc/nexin [29] , and on the spoke shafts [30] . [37] , and very recently in human spermatozoa flagella beating in three dimensions. These detected fast [Ca 2+ ] i oscillations, which are independent of Ca 2+ uptake through ionic channels and are correlated with flagellar beating frequency, could reflect changes in the association of this ion with Ca 2+ -binding proteins that regulate axonemal beating [38] .
Surprisingly, once utilized to in vitro fertilize oocytes, sperm treated with ionophore increased the percentage of two-cell embryos arriving to blastocyst stages. Considering that A23187 has already been used in the clinical setting to activate metaphase II-arrested oocytes, applying a pulse of A23187 has potential to be used to treat sperm from infertile patients. 
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